Enumeration and analysis of antigen-specific T cells play a central role in cellular immunology. While many methodologies have been established for the analysis of humoral responses, until recently the direct analysis of antigen-specific T-cell responses was extremely difficult. Difficulty in analyzing T cells was partially due to the fact that T lymphocytes recognize cell surface peptide-major histocompatibility complex (MHC) complexes and also due to the intrinsic low affinity of T-cell receptors (TCR) for cognate ligand. In this review, we discuss some new methodologies for visualizing antigen-specific T cells and how they have impacted our understanding of cellular immune responses.
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In the past, several methods were used to quantitate antigenspecific T-cell responses. Traditionally, these assays were functional assays, dependent on the proliferation or lytic activity of antigen-specific T cells in vitro. To improve the sensitivity of these assays, it was necessary to expand the population of antigen-specific T cells in vitro before measuring effector functions, such as cytolysis, proliferative responses, or cytokine release. Serial limiting-dilution assays (LDA) were the old "gold standard" for quantitative analysis of antigen-specific cytotoxic T lymphocytes (CTL) (19) . This assay depended on the ability of antigen-specific T cells to survive, function, and proliferate in vitro upon stimulation. Therefore, the number of antigen-specific CTL determined by LDA significantly underestimated the true number of antigen-specific CTL and also lacked further detailed information about the characteristics of antigen-specific CD8 ϩ T cells in vivo. Recently, new assays based on cytokine induction and/or release have been developed. These assays do not require in vitro proliferation of antigen-specific T cells but do depend on peptide-induced production of cytokines. Cytokine production can be detected in an ELISPOT assay (34) , intracellularly (29, 31) , or captured on the cell surface (8) and analyzed by flow cytometry. Analysis for cytokine-producing cells has influenced our estimate of antigen-specific T-cell precursor frequency. While these methods have been useful in visualizing cells on the basis of effector cytokine release, there is also a skewing that occurs depending on which cytokine is being assayed that is not present if one can visualize T cells solely based on TCR specificity. In addition, due to technical aspects of the assays, one cannot keep cells alive for additional studies after ELI-SPOT assay or intracellular cytokine staining.
Anticlonotypic TCR-specific antibodies have also been useful in analyzing the antigen-specific T-cell response in vivo. However, different T cells can use a variety of TCR to recognize the same peptide-MHC complex; therefore, anticlonotypic TCR, by definition, underestimate the polyclonal nature of the T-cell response.
Recent advances have enabled the use soluble multivalent analogs of MHC complexes to study T-cell specificity. While it has been possible to analyze TCR-peptide-MHC interactions using recombinant soluble monovalent MHC molecules, these molecules do not bind T cells stably and allow flow cytometrybased visualization of antigen-specific cells. TCR have a low binding affinity (K d ) for peptide MHC complexes that is much lower than that of antibodies for their antigen (39) and also a very short dwell time (11, 51) , making it difficult to analyze the interaction of soluble monovalent MHC with cognate TCR by standard flow cytometry-based assays. Therefore, recombinant monomeric MHC molecules have not been used to detect antigen-specific T cells. However, multimerized MHC molecules have a significantly increased avidity for their TCR. Multivalent MHC molecules bind with their different arms independently to the same cell, resulting in a stable binding even if individual TCR-peptide-MHC complex interactions are unstable (Fig. 1 ).
There are two broad approaches for generating multivalent MHC complexes. Altman et al. (2) first described the use of HLA-peptide tetrameric complexes. Peptide-MHC tetrameric complexes depend on the production of soluble peptide-MHC tagged with a biotin residue and complexed through fluorescent labeled strepavidin. The modified MHC heavy-chain extracellular domain sequences are expressed in Escherichia coli and refolded around a specific peptide and ␤2m. These molecules bind stably to T cells displaying the cognate TCR and have been successfully used to directly visualize antigen-specific cells ex vivo by flow cytometry (2) . Tetramer technology has recently been reviewed (5, 54) .
Multimeric peptide-MHC complexes can also be formed by using immunoglobulin as a molecular scaffold (13) . In this system, the extracellular domains of MHC molecules are fused with the constant region of an immunoglobulin heavy chain separated by a short amino acid linker. In contrast to tetrameric MHC complexes, MHC-immunoglobulin G (MHC-Ig) fusion proteins are expressed in eukaryotic cells, making it unnecessary to refold the denatured MHC molecule. They can be easily loaded with the peptide of interest and are stable at 4°C. Peptide-loaded MHC-IgG dimers can be used for the identification of antigen-specific CTL as first described by Greten et al. in 1998 (22) . A number of currently available techniques for monoclonal antibodies can be easily combined with these MHC-Ig fusion antibodies (such as binding antibodies to specific beads, etc.) to phenotypically characterize antigen-specific CTL populations.
Use of multimeric MHC complexes in analysis of the cellular immune response. Some of the first insights into the robust nature of the CD8 portion of the immune response were found when multimeric MHC were used to analyze virus-specific CD8 ϩ T cells. Many studies have shown virus-specific T-cell frequencies of between 0.1 and 15% of the CD8 ϩ T cells. T-cell responses to major viral infections, including human immunodeficiency virus, Epstein-Barr virus, human T-cell leukemia virus type 1 (HTLV-1), hepatitis B virus, and hepatitis C virus, have been evaluated. The fact that up to 10 to 15% of all CD8 ϩ cells are directed at one viral epitope raised the question of how the T-cell memory repertoire can accommodate new infections. A recent analysis of this issue indicates plasticity in the repertoire of memory T cells that changes upon new infection (46) . Upon infection with a new virus, the memory compartment changes and cross-reactive T-cell epitope responses become more prominent. Thus, individuals accommodate to new viral infections by changes in the TCR repertoire in memory T-cell population (46) .
Multimeric MHC complexes have also been used to identify tumor-specific CTL in melanoma patients (4, 27, 35, 56) . High frequencies of Melan-A specific CD8 ϩ T cells can also be found in healthy individuals (44) . Others have investigated the T-cell response to different vaccination approaches in vivo (14, 26, 37) . Experiments using animal tumor models are just beginning to shed some more light on the role of antigen-specific CTL in tumor immunology (28, 49) .
Multimeric MHC class I complexes are also used to analyze the antigen-specific T-cell response to malaria (6), cytomegalovirus (20, 47) , Mycobacterium tuberculosis (50) , and simian immunodeficiency virus (15, 32, 42) . Others have used tetrameric MHC molecules to analyze minor MHC-restricted CTL (41) and have used nonclassical MHC tetramers, which bind to NK cells (1, 7) .
Multimeric MHC molecules allow not only for enumeration and characterization of the antigen-specific T-cell response in the peripheral blood or spleens of mice but also in local anatomic niches and sites of inflammatory pathology. This information can be valuable for the understanding of the pathology of immunology-related disorders. Greten et al. were able to demonstrate a threefold enrichment of HTLV-1-specific CTL cells in the cerebrospinal fluid of patients with HAM/TSP, a demyelinating disorder (22) . Others have analyzed antigenspecific T cells in melanoma tumors (3), directly isolated from the livers of patients with hepatitis (25) , and in the synovial fluid of patients with treatment-resistant Lyme arthritis (40) . All these studies show that a higher frequency of the presumptive pathogenic cells accumulate at the site of pathology and strongly implicate these cells in the disease process.
Multimeric MHC molecules can be used to analyze antigenspecific T cells from tissue in situ. Several groups have tried using multimeric MHC complexes in immunohistochemistry analysis. However, the model of how multimeric MHC molecules bind stably to antigen-specific T cells (see above) suggests that these reagents may only work on viable cell membranes. It is very difficult to imagine that different MHC complexes on one molecule find different TCR on a cell membrane in a fixed tissue section. Therefore, initial experiments used a technique with viable 200-to 500-m tissue sections (23, 48) . The ability to identify antigen-specific T cells directly in situ will provide important insights into the anatomic localization of antigenspecific T cells during both normal and pathological immune responses. Recent studies have also highlighted the use of multimeric MHC in analysis of the maturation of immune responses. Investigators have shown, by using multimeric MHC, that with there is an avidity maturation of immune responses (9, 45) . This has been interpreted as a focusing of affinity during the maturation of immune responses. Focusing of affinity was thought to primarily occur through selection of specific highaffinity TCR clones. However, recent work has shown that the state of activation of the T cell has a dramatic impact on its ability to bind multivalent MHC (21) . This occurs by the process of TCR reorganization (21) and occurs even though TCR do not increase their sensitivity by undergoing a process of gene mutations that mature to become high-affinity receptors for antigen (reviewed in reference 38). This process is of avidity maturation can ensure that T cells, once activated, readily recognize the low density of antigen in the periphery even in the presence of a relatively modest intrinsic affinity of the TCR for a specific peptide-MHC complex. A recent follow-up study also showed that tetramer binding was sensitive to cholesterol levels (16) . This may be reflected in different cholesterol levels associated with different states of activation that affect multimeric MHC binding. Thus, alternate states of activation could also explain the difference seen in avidity during the maturation of the immune response in vivo.
Differences in effector function have been reported since not all multimer-positive cells express effector functions such as the lysis of target cells or the release of cytokines such as interferon gamma. This has been observed in multiple viral systems (10, 22, 55, 57) and was recently reviewed (52) . The appearance of these dysfunctional CD8 cells may relate to magnitude of antigen presented to T cells and/or to the loss of CD4 population. It appears that the dysfunctional state can be reversed by the addition of exogenous cytokines. The physiologic role of antigen-specific cells that do not produce "normal" effector cytokines is obviously an area of great interest.
Potential therapeutic uses of multimeric MHC. While many investigators have used multimeric peptide-MHC complexes to enumerate T cells, these molecules are potentially valuable therapeutic tools for the generation of antigen-specific T cells. After one or two in vitro stimulations of peripheral blood mononuclear cells (PBMC) with a specific peptide, antigenspecific CTL cells can be identified by multimeric peptide-MHC complexes and directly isolated from mixed CTL bulk cultures by cell sorting (17, 18) . This method clearly simplifies the generation of antigen-specific CTL and may facilitate adoptive T-cell therapies. More interestingly, investigators have been able to separate antigen-specific CTL with highaffinity TCR from those with low-affinity TCR by using peptide-MHC tetramers (53, 56) . Sorted T cells can further be amplified in vitro and used therapeutically. A simpler technique with MHC-immunoglobulin complexes does not even require a cell sorter instrument but instead combines the use of multimeric MHC complexes with magnetic beads specific for murine IgG molecules to enrich for antigen-specific cells. Using this approach, we have been able to enrich influenzaspecific T cells (Fig. 2) . PBMC from an HLA-A2-positive donor were stimulated with the influenza M1 peptide for 8 days in the presence of recombinant interleukin-2 (IL-2). PBMC were incubated with M1 peptide-loaded HLA-A2-IgG. Excess MHC-IgG protein was washed off, and anti-IgG1-coated magnetic beads were added for the isolation of M1-specific CD8 ϩ T cells by using an MACS column. Purified M1-specific T cells were subcloned into 96-well plates in different dilutions and nonspecifically restimulated using phytohemagglutinin and IL-2. Analysis of T-cell clones by cytokine release with peptideloaded T2 cells as targets revealed that a high percentage of these clones was specific for the influenza M1 peptide. This clearly demonstrates the power of this technique to isolate peptide-specific T cells from in vitro cultures to generate T-cell clones.
MHC class II tetramer and dimer. Similar to the analysis of CD8 ϩ CTL, a number of groups have begun to use class II dimers and tetramers to analyze the antigen-specific CD4 ϩ T-cell response. Multimeric MHC class II complexes differ from MHC class I constructs due to structural differences between MHC class I and class II molecules. Whereas MHC class   FIG. 2 . Using magnetically labeled anti-IgG antibodies, influenza M1-specific CTL were enriched from peripheral blood, restimulated in vitro and tested for specificity in a granulocyte-macrophage colony-stimulating factor secretion assay. A total of 36 independent clones were analyzed, and 22 of these demonstrated clear specificity for the influenza M1 peptide. (12, 24, 40) . The two chains of the MHC molecule are expressed in different cell systems and are either fused to a biotinylation site to make tetravalent molecules or fused to the heavy and light chain of an immunoglobulin sequence for the generation of dimeric MHC-immunoglobulin molecules. In most multimeric MHC class II constructs, the antigenic peptide has to be covalently bound to the beta chain of the class II MHC complex. This affords additional stability to the complex. To facilitate chain pairing in these constructs, a rate-limiting step, Kalandadze et al. have included c-jun and c-fos zippers sites at the carboxy-terminal end of the alpha and beta chains to improve the stability of the MHC class II molecules (30) . Current data on MHC class II-specific T cells suggest that the number of antigen-specific CD4 ϩ T cells are very low and might actually be under the detection limit of flow cytometry in many cases. In many systems examined so far, multimeric MHC class II constructs can only detect specific CD4 ϩ T cells after one in vitro stimulation (33, 43) . A number of studies with MHC class II tetramers indicate that the frequency of antigenspecific T lymphocytes, which is in the range of 0.2 to 0.6% of the T cells, is under the detection limit of flow cytometry. Combining the dimer and/or tetramer technology with the use of a fluorescent dye (carboxyfluorescein succinimide esther [CSFE]) (36) allows for the quantitative analysis after cell division. The CSFE technique is applicable to in vitro cell division, as well as to in vivo division of adoptively transferred cells, and can resolve multiple successive generations by using flow cytometry. Each time a cell divides, CSFE is apportioned equally among the two daughter cells, which contain half of the fluorescence. The number of cell divisions can be determined by comparing the resultant CSFE fluorescence to the original fluorescence of the parent population. Using this approach, the absolute number of precursor frequencies can be estimated, although this type of assay still involves a single in vitro stimulation, which may influence TCR repertoire usage and T-cell function.
In summary, recent findings in molecular and structural immunology have led to the development of a new technique in cellular immunology. Multimeric MHC molecules have not only brought new insights into direct cellular T-cell responses in infectious disease but also into different aspects of tumor immunology. Apart from simple counting of antigen-specific CTL, these reagents can also be used for qualitative analysis, and recent findings suggest that they might even have an effect as an immunomodulating reagent.
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